Aims: Cocaine and heroin are frequently co-abused in a combination known as speedball. Despite the relevance of the liver in the metabolism and detoxification of these drugs, little is known about the impact of speedball on liver function. Main methods: In this work, we evaluated the effects of cocaine, morphine and morphine + cocaine (Mor + Coc) combination (1:1) in isolated rat liver mitochondria, upon glutamate/malate or succinate energization, on bioenergetics and oxidative stress-related parameters by using Clark O 2 , Ca 2+ , TPP + and pH electrodes and by measuring thiobarbituric acid reactive substances (TBARS) and H 2 O 2 production. Key findings: Cocaine and Mor + Coc at the higher concentrations (1 mM) similarly increased O 2 consumption at state 2, state 4 and state oligomycin. In these conditions, maximum respiration was decreased only upon glutamate/malate energization, suggesting an involvement of complex I. Morphine (1 mM) only increased state 2 respiration. Cocaine and Mor + Coc induced a similar decrease in maximum mitochondrial membrane potential and in ADP-induced depolarization, whereas morphine had no effect. The drugs and their combination similarly decreased mitochondrial ATPase activity and had no effect on Ca
Introduction
Cocaine and heroin are two of the most problematic illicit drugs of abuse (Nutt et al., 2007) . Cocaine is the second most used illicit drug in Europe (after cannabis) and heroin use accounts for the greatest share of morbidity and mortality related to drug use in the European Union (European Monitoring Center for Drugs and Drug Addiction, 2012) . Polydrug abuse is a widespread phenomenon among drug addicts, with serious health consequences (European Monitoring Center for Drugs and Drug Addiction, 2009 ). Co-consumption of cocaine and heroin is very common since these drugs have complementary effects (stimulant and sedative, respectively), thereby reducing the secondary effects of one another, and may occur either sequentially or simultaneously (Leri et al., 2003) . In mixtures of cocaine and heroin, chemical interactions between cocaine and morphine (heroin metabolite) may occur, resulting in the formation of adducts between the two molecules at a 1:1 proportion , which may modify the molecular effects of speedball.
We have previously shown that acute exposure to both cocaine (Cunha-Oliveira et al., 2006a) and heroin (Cunha-Oliveira et al., 2007) induces neurotoxicity in rat cortical neurons, in a process involving mitochondrial dysfunction and cell death by apoptosis. We have also shown that cocaine-heroin combinations induced mitochondrial depolarization, ATP loss and cytochrome c release in rat cortical neurons (Cunha-Oliveira et al., 2010) . Thus, the cytotoxicity of cocaine and/or heroin seems to involve mitochondrial dysfunction, pointing out the mitochondria as a main intracellular target of the cytotoxicity of these drugs.
Heroin has a very short half-life and is rapidly metabolized into 6-acetylmorphine and morphine, which mediate many of heroin's effects in the organism (Cunha-Oliveira et al., 2008) . Cocaine and morphine, as most drugs, are metabolized in the liver, with mitochondria playing a central role, and this organ is highly affected by each of these drugs (Bekheet, 2010; Van Thiel and Perper, 1992) . Since little is
Isolation of liver mitochondria
The animals were sacrificed by cervical displacement and liver mitochondria were isolated by a conventional method (Gazzotti et al., 1979) , with slight modifications. Livers were homogenized immediately in ice-cold homogenization medium containing 250 mM sucrose, 10 mM HEPES, 0.5 mM EGTA, and 0.1% defatted bovine serum albumin (pH 7.4). The homogenate was centrifuged for 10 min at 900 ×g and mitochondria were recovered from supernatant, and pelleted at 10 000 ×g for 10 min. The mitochondrial pellet was washed twice and suspended in the washing medium (250 mM sucrose, 10 mM HEPES, pH 7.4). Protein content was determined by the biuret method (Gornall et al., 1949) , using bovine serum albumin as a standard.
Mitochondrial respiration
Mitochondrial oxygen consumption was monitored polarographically at 30°C with a Clark-type oxygen electrode (Yellow Spring Instrument, Model YSI5331) (Estabrook, 1967) connected to a Kipp and Zonen recorder in a thermostatic water-jacketed chamber with magnetic stirring. Liver mitochondria (1 mg) were incubated, for 1 min, in 1 ml of the respiratory medium (130 mM sucrose, 50 mM KCl, 2.5 mM KH 2 PO 4 , 5 mM HEPES and 2 mM MgCl 2 pH 7.4) in the absence or presence of the drugs, alone or combined at 0.2-1 mM, and energized with 10 mM glutamate/5 mM malate or 5 mM succinate. When succinate was used as respiratory substrate, the medium was supplemented with 2 μM rotenone. State 3 was initiated with ADP (125 nmol/mg protein) and state oligomycin with ADP (125 nmol) and oligomycin (1 μg/ml) (Fig. 1A) . Respiration rates were calculated considering a saturation oxygen concentration of 240 nmol O 2 /ml at 30°C. States 3 and 4 and respiratory control ratio (RCR = state 3 / state 4) were calculated according to Chance and Williams (1956) . Uncoupled respiration was initiated by the addition of 1 μM FCCP to the mitochondria respiring in state 4 respiration.
Membrane potential (ΔΨ) measurements
The mitochondrial transmembrane potential (ΔΨ) was monitored by evaluating transmembrane distribution of the lipophilic cation TPP + (tetraphenylphosphonium) with a TPP + -selective electrode prepared according to Kamo et al. (1979) To monitor ΔΨ associated to mitochondrial respiration, the mitochondria (1 mg/ml) were incubated in the standard respiratory medium supplemented with 3 μM TPP + (and 2 μM rotenone if succinate was the respiratory substrate), at 30°C, in the absence or presence of different concentrations of the drugs alone or combined, for 1 min, prior to the addition of 10 mM glutamate/5 mM malate or 5 mM succinate to start the reaction. After steady-state distribution of TPP + had been reached ADP (125 nmol/mg protein) was added and ΔΨ fluctuations were recorded.
Mitochondrial ATPase activity
The activity of mitochondrial ATPase was evaluated through detection of pH changes occurring during ATP hydrolysis, as described previously (Madeira et al., 1974) , with some modifications. The mitochondria (1.5 mg of protein) were incubated in 1.5 ml of reaction media (130 mM sucrose, 50 mM KCl, 2.5 mM MgCl 2 , 0.5 mM HEPES, pH 7.2) supplemented with 3 μM rotenone. The drugs were incubated alone or combined at 0.4 mM and 1 mM, for 1 min. -induced MPT we used a TPP + electrode, according to procedures previously described, with some modifications (Fernandes et al., 2008) . To monitor ΔΨ associated to MPT, the liver mitochondria (1 mg) were incubated, for 1 min, in 1 ml of reaction medium (200 mM sucrose, 1 mM KH 2 PO 4 , 10 μM EGTA, 10 mM HEPES (pH 7.4 adjusted with Tris) supplemented with 2 μM rotenone, in the absence and presence of the drugs (1 mM), isolated or in combination. The reactions were started by the addition of 5 mM succinate followed by the addition of pulses of Ca 2+ (40 nmol Ca 2+ /mg protein). Control assays with Ca 2+ , in the absence or presence of the MPT inhibitor cyclosporin A (CsA, 0.8 μM), were also performed.
Mitochondrial Ca 2+ fluxes were also evaluated by monitoring the changes in Ca 2+ concentration in the reaction medium using a Ca
2+
-sensitive electrode, according to procedures previously described (Custodio et al., 1998; Madeira, 1975) . The reactions were performed in an open vessel with magnetic stirring in 1 ml of the reaction medium supplemented with 200 nmol CaCl 2 /mg protein, and started by the addition of 5 mM succinate to mitochondrial suspensions (1 mg) previously incubated in the absence or presence of the drugs or their 1:1 combination (1 mM). Control assays, in the absence and presence of 0.8 μM CsA, were also performed.
Evaluation of oxidative stress
The extent of lipid peroxidation was evaluated by oxygen consumption monitored polarographically at 30°C using a Clark-type oxygen electrode placed in a glass chamber equipped with magnetic stirring (Santos et al., 2001 ). The mitochondria (1 mg) were pre-incubated with the drugs, alone or combined 1:1 (1 mM), for 2 min in 1 ml of reaction medium containing 175 mM KCl, 10 mM Tris-HCl (pH 7.4) and 3 μM rotenone to avoid mitochondrial respiration induced by endogenous respiratory substrates. Membrane lipid peroxidation was started by the addition of 1 mM ADP/0.1 mM Fe 2+ , changes in oxygen tension were recorded and oxygen consumption was calculated assuming an oxygen concentration of 240 nmol O 2 /ml. Controls in the absence of ADP/Fe 2+ were performed.
In parallel, the extent of lipid peroxidation was also determined by measuring the formation of thiobarbituric acid reactive substances (TBARS), using the thiobarbituric acid assay, according to a modified procedure described elsewhere (Santos et al., 2001 ). Aliquots of mitochondrial suspensions (0.5 mg) removed after 10 min of ADP/Fe 2+ addition were mixed with 0.5 ml of ice-cold 40% trichloroacetic acid. Then, 2 ml of 0.67% of aqueous thiobarbituric acid containing 0.01% of 2,6-di-tert-butyl-p-cresol was added. The mixtures were heated at 90°C, cooled and centrifuged at 850 ×g for 10 min. The lipid peroxidation was measured in the supernatant fractions at 530 nm and the amount of TBARS formed was calculated using a molar extinction coefficient of 1.56 × 10 5 M −1 cm −1 and expressed as nmol TBARS/mg protein.
The rate of H 2 O 2 production was measured fluorimetrically using a modification of the method described by Barja (2002) . Briefly, mitochondrial protein (0.125 mg) was incubated at 30°C in 0.5 ml of medium (0.1 mM EGTA, 5 mM KH 2 PO 4 , 3 mM MgCl 2 , 145 mM KCl, 30 mM HEPES, pH 7.4) supplemented with 0.1 mM homovanilic acid, and 6 U/ml horseradish peroxidase. A fluorescent dimer of homovanilic acid is formed upon reaction with H 2 O 2 , in the presence of horseradish peroxidase, allowing the assessment of H 2 O 2 levels in the samples. The reactions were started by adding 10 mM glutamate/5 mM malate or 5 mM succinate and stopped 15 min later with 250 μl of cold 0.1 mM glycine-NaOH (pH 12) containing 25 mM EDTA. Experiments were performed in the absence or presence of the drugs (cocaine, heroin, morphine, and Mor + Coc 1:1) (1 mM), 1 μM rotenone, 10 μM antimycin A, or catalase. In order to assess baseline H 2 O 2 produced by the mitochondria, experiments were also performed in the absence of a substrate. The mitochondrial suspensions were centrifuged at 1075 ×g for 2 min. The fluorescence of supernatants was measured at 312 nm excitation and 420 nm emission wavelengths. The rate of H 2 O 2 was calculated using a standard curve made with known concentrations of H 2 O 2 .
Statistical analysis
Data are expressed as means ± S.E.M. and evaluated by one-way analyses of variance (ANOVA) followed by Bonferroni multiple comparison tests. Differences were considered to be statistically significant at p value lower than 0.05. All analyses were performed using GraphPad Prism 5.0 for Windows.
Results
Cocaine and Mor + Coc (1:1) affect the respiratory chain
To understand the effects of speedball on liver mitochondrial function, we started by evaluating oxygen consumption in the presence of the drugs alone or their 1:1 combination, and analyzed several respiratory parameters (Fig. 1A) .
The addition of cocaine (0.2, 0.4 and 1 mM) to freshly isolated mitochondria produced no changes in oxygen consumption during ADP-stimulated state 3 respiration, or on RCR or ADP/O ratios (not shown). The higher concentration of cocaine significantly increased the oxygen consumption during state 2 (Fig. 1B, C) , state 4 ( Fig. 1D , E) and state oligomycin (Fig. 1F, G) . State FCCP, corresponding to maximum respiration, decreased in the presence of higher concentrations of cocaine, but only when the substrate was glutamate/malate ( Fig. 1H, I ). The combination Mor + Coc (1:1) presented similar effects in the respiratory chain compared to cocaine alone (Fig. 1B-I ), whereas morphine alone also increased state 2 respiration (Fig. 1C ) but did not affect most of the respiratory parameters ( Fig. 1D-G, I ).
Cocaine and Mor + Coc (1:1) induced mitochondrial depolarization
Maximum potential is achieved upon energization of the mitochondria with glutamate/malate or succinate, through complex I or complex II, respectively. In the presence of the higher concentration (1 mM) of cocaine or the combination Mor + Coc (1:1), the maximum potential was significantly decreased ( Fig. 2A, B) , compared to controls. After the addition of ADP, mitochondrial potential decreases due to the action of ATP synthase, which uses the energy from the proton motive force (generated by respiration) to phosphorylate the ADP. The highest concentrations tested of cocaine or the combination Mor + Coc (1:1) induced a significant decrease in ADP-induced depolarization (Fig. 2C, D) , whereas morphine did not affect any of these parameters ( Fig. 2A-D) .
Cocaine, morphine and their combination (1:1) affect mitochondrial ATPase activity
The mitochondrial ATP synthase can, in certain circumstances, function as ATPase, hydrolyzing cellular ATP. In the presence of cocaine, morphine and the combination Mor + Coc (1:1) (1 mM) the production of H + resulting from the hydrolysis of ATP decreased significantly, suggesting that the drugs, isolated or combined (1:1), induced a significant decrease in ATPase activity (Fig. 2E) , which may be directly attributed to interference with the F1 component of the enzyme. The combination Mor + Coc presented a synergistic action, increasing the inhibitory effect of each drug on the ATPase subunit.
The drugs alone or combined do not affect the Ca
2+ -induced MPT
The effect of the drugs, isolated or combined, on the MPT was evaluated by measuring ΔΨ drop, which is a typical phenomenon that follows the induction of MPT. After succinate-induced increase in ΔΨ, a subsequent pulse of calcium (40 nmol Ca 2+ ) promoted, in all experimental conditions, a depolarization followed by rapid repolarization (Fig. 3A) . Total mitochondrial depolarization occurred only after the addition of the second pulse of calcium (40 nmol Ca 2+ ), except in the presence of 0.8 μM CsA (a specific inhibitor of the MPT pore). As previously observed (see Fig. 2A-B) , cocaine and the combination Mor + Coc (1:1) (1 mM) induced a decrease in the maximum ΔΨ upon succinate energization. However, the control mitochondria and the mitochondria incubated with cocaine, morphine and the combination Mor + Coc (1:1) showed a similar behavior after the addition of the second pulse of Ca 2+ , suggesting that the opening of the MPT pore occurred in a similar way (Fig. 3A) . Morphine alone did not affect Ca 2+ -induced MPT (Fig. 3A) . Another way of studying the Ca 2+ -induced MPT is by evaluating the Ca 2+ accumulated by the mitochondria, using a Ca 2+ electrode (Fig. 3B) . The control mitochondria and the mitochondria incubated with morphine showed a similar behavior, accumulating calcium which was quickly released due to the opening of the MPT pore (Fig. 3B ). In the presence of morphine and CsA all the Ca 2+ was retained in the mitochondria, confirming the involvement of the MPT pore. The mitochondria incubated with cocaine and the combination Mor + Coc (1:1) (1 mM) accumulated less Ca 2+ (Fig. 3B) , consequently delaying MPT pore opening. This inability of the mitochondria to accumulate Ca 2+ is likely related to the lowest potential reached in these conditions ( Fig. 2A, B) . Apparently, the combination Mor + Coc (1:1) seemed to promote the induction of MPT pore in a small fraction of the mitochondria (Fig. 3B ).
Morphine and Mor + Coc (1:1) have an antioxidant effect
Oxygen consumption and TBARS levels were used to determine the extension of lipid peroxidation induced by ADP/Fe 2+ (Fig. 4) .
Regarding oxygen consumption, the control mitochondria and the mitochondria incubated with cocaine (1 mM) consumed oxygen at a very similar rate, upon exposure to ADP/Fe 2+ (Fig. 4A) . In turn, in the mitochondria incubated with morphine and the combination Mor + Coc (1:1) (1 mM) the time for initiation of peroxidation increased and there was a slight decrease in oxygen consumption (Fig. 4A) . Accordingly, the levels of TBARS in the mitochondria incubated with morphine and the combination Mor + Coc (1:1) decreased significantly (Fig. 4B) , suggesting an antioxidant effect of morphine. The control mitochondria and the mitochondria incubated with cocaine produced a similar amount of TBARS (Fig. 4B) . The production of H 2 O 2 by the mitochondria gives an indication about the propensity of the mitochondria to originate and/or exacerbate oxidative stress. In the absence of inhibitors of mitochondrial respiratory chain activity, the levels of H 2 O 2 generated by the mitochondria respiring upon addition of glutamate/malate or succinate were low. However, in the presence of rotenone (an inhibitor of complex I) or antimycin A (AA; an inhibitor of complex III) the levels of H 2 O 2 increased significantly (Fig. 5) , due to increased electron leak and superoxide production at the level of these complexes, and subsequent conversion into H 2 O 2 by superoxide dismutases.
We analyzed the effect of the drugs (1 mM) on the generation of H 2 O 2 by the mitochondria respiring upon glutamate/malate or succinate addition, in the absence (basal) and in the presence of rotenone and AA. Morphine and the combination Mor + Coc (1:1) significantly decreased the generation of H 2 O 2 by the mitochondria in the presence of AA or rotenone (Fig. 5A, B) .
To determine whether the antioxidant capacity of morphine on the formation of H 2 O 2 is specific to this molecule, we also tested the effect of heroin. Interestingly, the mitochondria energized with glutamate/malate and incubated with morphine showed a more pronounced decrease in H 2 O 2 production than the mitochondria incubated with heroin (Fig. 5C ).
Discussion
Since both cocaine (Van Thiel and Perper, 1992) and morphine (Bekheet, 2010) have been shown to induce hepatotoxicity, the main objective of the present study was to assess whether the combination Mor + Coc (1:1) altered the toxicity manifested by these drugs in the mitochondria isolated from rat liver, which is highly relevant because heroin (which is converted into morphine upon consumption) and cocaine are frequently co-consumed in a combination known as speedball (Leri et al., 2003) . Given that adolescents represent a major concern regarding cocaine (Wong et al., 2013) and heroin (Hopfer et al., 2002) abuse, this work was performed with liver mitochondria isolated from adolescent rats.
Some concerns may be raised regarding the drug concentrations used in this study (from 0.2 to 1 mM). However, cocaine plasma concentrations in human drug abusers may range between 0.3 μM and 1 mM (Heard et al., 2008; Yuan and Acosta, 2000) and are therefore comparable to the concentrations used in this study, which are also in the range of concentrations previously used by other investigators (Boess et al., 2000; Yuan and Acosta, 2000) . In contrast, the concentrations of morphine used in our experiments are significantly higher than the peak plasma levels found in fatalities implicating morphine abuse, which range from 0.20 to 2.3 mg/l (Baselt, 2000) , corresponding to 0.35-9.8 μM. Importantly, both drugs accumulate in intracellular compartments, and, therefore, blood levels grossly underestimate intracellular concentrations. The concentrations of morphine used in this study were chosen to maintain the 1:1 proportion between cocaine and morphine, at which cocaine:morphine adducts are formed . Although we used a high concentration of morphine, it seems to be well tolerated by the liver mitochondria, since only slight effects have been observed.
Multiple investigations suggest that cocaine affects mitochondrial function. Previous studies from our laboratory suggested that a functional respiratory chain is required for cocaine's toxicity, since the rho-zero cells (without functional mitochondria) are more resistant to cocaine cytotoxicity compared to rho+ cells (Cunha-Oliveira et al., 2006a) . In accordance, complex I activity and the expression of its subunits were reduced (Devi and Chan, 1997; Dietrich et al., 2004; Yuan and Acosta, 2000) and mitochondrial gene expression was found to be down-regulated (Dietrich et al., 2004) , upon exposure to cocaine. Furthermore, microarray data suggested that mitochondrial functions and energy metabolism are affected in brains of human cocaine abusers (Lehrmann et al., 2003) . Liver mitochondrial bioenergetics was found to be affected by cocaine, since in vivo cocaine administration decreased state 3 respiration and RCR of hepatic mitochondria from rat (Devi and Chan, 1997 ) and mice (Leon-Velarde et al., 1992) , and also decreased the activity of complexes I, II/III, and IV (Devi and Chan, 1997) . Importantly, cocaine metabolism may affect its toxicity when administered in vivo, since the cocaine metabolites norcocaine and N-OH-norcocaine are more effective affecting state 3, state 4, RCR, and ADP/O in mitochondria isolated from rat liver, compared to cocaine itself (Boess et al., 2000) . Interference of cocaine with mitochondrial function may possibly be explained by the formation of cocaine-protein adducts, which occurs primarily with proteins located in mitochondrial and microsomal fractions, such as HSP-60 and transferrin (Ndikum-Moffor and Roberts, 2003) .
Our present results support the idea that cocaine affects the respiratory chain, since cocaine interfered with respiration at states 2, 4, oligomycin and FCCP. The increase in states 2 and 4 respiration in the mitochondria exposed to cocaine suggests an increase in passive transport of H + into the mitochondria, which is supported by the observed increase in the state oligomycin. This passive transport may be due to a bilateral damage in phospholipids or to the opening of the MPT pore. However, in our conditions, cocaine did not induce the opening of the MPT pore, suggesting that H + may enter the mitochondria by passive permeability. Under these experimental conditions, the ΔΨ decreased significantly due to inhibition of complex I, since state FCCP in the presence of glutamate/malate is significantly reduced as opposed to state FCCP in the presence of succinate. The induced decrease of ΔΨ by cocaine in the mitochondria energized with succinate may be explained by its direct dissipative charge effect, since at physiological pH cocaine is positively charged (Sulzer and Rayport, 1990) and may accumulate inside the organelle, which is known as the weak base effect. Cocaine has also been shown to affect mitochondrial potential in rat cortical neurons (Cunha-Oliveira et al., 2006a , 2010 and cardiomyocytes (Xiao et al., 2000) . The depolarization induced by ADP was also significantly decreased in the mitochondria incubated with cocaine, which may result from a direct effect of the drug in the ATP synthase/ATPase, since the activity of this enzyme (specifically the F 1 subunit) decreased in the presence of cocaine.
Morphine is clinically used for the treatment of severe pain (Bekheet, 2010) , and is also the active metabolite of heroin, mediating many of its effects (Cunha-Oliveira et al., 2008) . Furthermore, cocaine and morphine were shown to interact in mixtures of cocaine and heroin used by speedball abusers . Morphine and heroin were shown to affect mitochondrial function. Morphine (0.01-0.1 mM) was previously shown to decrease state 4, and to increase state 3, RCR and ADP/O in the mitochondria isolated from rat brain (Feng et al., 2008) . Exposure to heroin was previously found to decrease ΔΨ and induce cell death through mitochondria-dependent apoptotic pathway in rat cortical neurons (Cunha-Oliveira et al., 2007) . In the present study, morphine (0.2-1 mM) did not affect most of the respiratory parameters, except for state 2. Morphine also presented an inhibitory effect in ATPase activity, in accordance with some in vivo studies which showed that morphine also decreases the activity of Na + -K + ATPase and total ATPase in rat brain tissue (Guzman et al., 2006) . Oxidative stress seems to be involved in cocaine's mitochondrial effects, as demonstrated by the fact that cocaine-induced cardiac mitochondrial dysfunction may be prevented by the mitochondrial-targeted antioxidant MitoQ (Vergeade et al., 2010) . Interestingly, adaptation to oxidative stress induced by cocaine may explain the partial resistance against H 2 O 2 toxicity observed in PC12 cells chronically exposed to cocaine (Cunha-Oliveira et al., 2006b) , suggesting the involvement of oxidative stress in the chronic effects of cocaine. In accordance, cocaine-induced adaptations in cellular redox balance seem to contribute to enduring behavioral plasticity (Uys et al., 2011) , and, thus, cocaine-induced oxidative stress seems to play an important role in the addictive properties of this drug (Cunha-Oliveira et al., 2008) . Previous studies showed that cocaine can increase lipid peroxidation in the brain of rats exposed in utero to this drug (Bashkatova et al., 2006) . Cocaine also increases the levels of H 2 O 2 in dopaminergic structures of rat brain (Dietrich et al., 2005) and the levels of reactive oxygen species in rat heart mitochondria (Vergeade et al., 2010) . Here, we showed that cocaine did not affect lipid peroxidation or the formation of H 2 O 2 in the mitochondria isolated from rat liver. Oxygen consumption and production of TBARS upon ADP/Fe 2+ stimulation, and the formation of H 2 O 2 were similar in the mitochondria incubated with cocaine and in the control mitochondria, suggesting that, in our conditions, cocaine effects did not involve oxidative stress mechanisms, at the mitochondrial level.
Interestingly, in this work, morphine seemed to have an antioxidant effect in isolated rat liver mitochondria, since the mitochondria incubated with this drug presented an increase in the time needed to initiate lipid peroxidation and a decrease in oxygen consumption and in TBARS formation after initiation of lipid peroxidation with the pair ADP/Fe 2+ . The decrease in H 2 O 2 production in the presence of morphine suggests that this molecule may have a "scavenger" effect (i.e., an ability to neutralize free radicals). Accordingly, morphine (0.3-30 μM) was also previously shown to inhibit lipid peroxidation in the mitochondria isolated from rat brain (Feng et al., 2008) . Our results are in agreement with previous studies in livers of rats chronically treated with morphine, which suggested that, in vivo, morphine may be decrease the levels of H 2 O 2 by a "scavenger" effect (Miskevich et al., 2007) . However, in vivo administration of morphine was also shown to increase the levels of TBARS (lipid peroxidation products) in the brain tissue (Guzman et al., 2006) and rat liver (Horid'ko et al., 2007) . This discrepancy may be explained by morphine metabolism, in vivo, which may affect its antioxidant properties.
Interestingly, apomorphine, a molecule chemically similar to morphine, was shown to have a neuroprotective action in rat striatum due to its antioxidant ("scavenging" of radicals) and iron chelator properties (Grunblatt et al., 2001) . Probably, in apomorphine, the benzene ring with two hydroxyl groups is responsible for its antioxidant action, since it can receive electrons, thus preventing them of reducing O 2 , leading to the formation of free radicals. Since morphine has a similar chemical structure, it is likely that one of the two benzene rings with the hydroxyl group is responsible for its antioxidant properties, which is supported by the fact that heroin, in which the benzene rings are not available to receive electrons, showed no antioxidant capacity.
As previously mentioned, the combined use of heroin and cocaine is very common (European Monitoring Center for Drugs and Drug Addiction, 2009), and the molecular effects of this combination are poorly understood. The combination of these drugs may modify the effects observed for each drug separately (Cunha-Oliveira et al., 2010) , possibly due to adduct formation that occurs between cocaine and morphine , altering their chemical properties. However, it should be noted that in the present work morphine and cocaine were incubated sequentially (1:1) from separate stock solutions to obtain the combination Mor + Coc, possibly underlying a low extent of cocaine:morphine adduct formation, which may explain the lack of specific effects of the drug combination used in the present study.
Our present results show that rat liver mitochondria incubated with the combination Mor + Coc (1:1) presented a significantly lower ΔΨ when compared to controls, and decreased ADP-induced depolarization, suggesting that this combination may have a direct action on the ATP synthase, which is supported by the observed decrease in mitochondrial ATPase activity. However, our results also show that, although the combination Mor + Coc (1:1) greatly decreases the ΔΨ, it does not affect the opening of the MPT pore. For the respiratory parameters, the effects of the combination Mor + Coc (1:1) are very similar to those caused by cocaine. On the other hand, this combination seems to have similar, but less extensive, antioxidant capacity compared to morphine administered alone.
Conclusions
Together, our results demonstrate that the effects of Mor + Coc (1:1) combination at the respiratory chain and mitochondrial potential are similar to those induced by cocaine alone. Regarding oxidative stress, the effects of the combination are similar to those induced by morphine alone. In summary, the (sequential) combination of the two drugs does not seem to modify the effects manifested by the drugs when used alone, on isolated liver mitochondria, but the antioxidant effect of morphine could minimize some deleterious actions of cocaine when the two drugs are combined. 
